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TECHNICAL NOTE
Measurement of renal blood flow by cine computed
tomography
WERNER JASCHKE, MARTIN G. COGAN, RICHARD SIEVERS, ROBERT GOULD,
and MARTIN J. LIPTON
Department of Radiology and Medicine and the Cardiovascular Research Institute, University of California, San Francisco, CalU'ornia, USA
Renal blood flow can be a major determinant of solute and
water excretion. Several methods have been developed during
the last 20 to 30 years to measure renal blood flow in experi-
mental animals and in man [1—4]. The distribution of renal blood
flow to the cortex and medulla may also influence sodium
excretion [5]. Regional flow rates have therefore also been
measured [1, 5—7]. However, doubts have been expressed as to
the accuracy of these measurements, partly due to theoretical
problems and partly because of disagreement in results between
techniques [1, 6].
The recent availability of cine—computed tomography (CT)
[8, 9] offers a promising new approach to measuring renal blood
flow in man and experimental animals. With short scanning time
and a high repetition rate, this technique can record indicator
dilution curves in major vessels as well as in different layers of
tissue using contrast material as a soluble indicator. CT images
give a cross sectional view of the anatomy, eliminating the
superimposition problem commonly encountered with other
techniques. In addition, selective cannulation of renal vessels
can be avoided due to the superb contrast resolution of CT
scanners, which allows for opacifying vessels and tissues with
only small amounts of contrast medium.
The goal of the present study was to explore the capability of
high speed CT scanning for measuring regional, renal blood
flow in the dog.
Methods
Eighteen dogs weighing 18 to 46 kg were studied. Dogs were
fasted for 12 hours prior to the experiment, but were allowed
free access to water. Once anesthetized (25 mg Pentobarbital/kg
body wt), an endotracheal tube was placed, catheters were
inserted in the femoral and jugular veins and the urinary bladder
was catheterized. In six animals, additional catheters were
placed via the common carotid arteries in the aortic root for
injection of contrast material. All animals were mechanically
ventilated by a Harvard respirator. Blood pressure was contin-
uously monitored.
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In all dogs, the normal distribution of blood flow between
cortex, outer and inner medulla was assessed by CT scanning.
A high speed CT scanner (Cine-CT, C-lOO; Imatron Inc., South
San Francisco, California, USA) was used. This scanner allows
for rapid sequential scanning with a repetition rate of up to 17
scans/sec and an exposure time of 50 msec [8]. Each cross
sectional image displays an 8 mm thick tissue slice. The picture
elements of such an image are characterized by so—called CT
numbers, which refer to the linear attenuation coefficient of the
tissue within such an element, and are usually expressed in
Hounsfield units (HU).
After suspending respiration, scans were taken with the
animals placed supine in the gantry of the CT-scanner. When-
ever possible, baseline scans without contrast were first ob-
tained to define the level that displayed both kidneys. After a
brisk intravenous bolus injection of contrast material (12 ani-
mals), a series of 20 scans were taken at four different levels, at
a rate of 1 scan/sec for 12 images, of 1 scan/2 sec for another
four images and of 1 scan/3 sec for the last four images.
Following an aortic root injection (6 animals), the first 12 images
were acquired at a faster rate of 1 scanl0.6 sec.
The contrast medium used for the intravenous injections was
Conray 400' (Nalmeglumine—iothalamate, iodine content: 400
mg/ml; injected volume: 0.5 ml/kg body wt), and for intra-aortic
injections was Hypaque' 30% (meglumine-diatrizoate, iodine
content: 140 mg/ml; injected volume: 0.8 ml/kg body wt). The
injection rate was 7 mllsec for intravenous and 12 to 15 mI/sec
for intra-aortic injections.
The entire imaging sequence was electronically stored and
could be subsequently analyzed on a video screen to select
regions of interest (ROl). CT-number versus time diagrams
were plotted for several ROIs including the aorta, renal artery,
renal vein and several regions in the renal parenchyma. The
ROIs in the kidney were manually outlined by a trackball—
guided cursor technique. Usually, two to four horseshoe—
shaped ROIs were drawn for the CT-number versus time
changes representing renal cortex. Only a single measurement
was obtained from ROIs that represented the outer or inner
medulla. These three compartments (cortex, outer and inner
medulla) had a typical radiographic appearance as well as a
typical shape of the CT-number versus time curve. If these
structures could not be adequately identified on regular,
contrast—enhanced CT images, subtraction images were used.
Such images were generated by subtracting the first image,
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Fig. 1. Comparison of aortic with renal venous CT number vs. time
curve. A. Subtracted reference image showing anatomical location of
regions of interest (abdominal aorta = B; renal vein = U). B. Corres-
ponding CT-number vs. time curves. A gamma—variate curve has been
fit to the CT data of the renal vein. The area under both curves
integrated up to the time of cortical peak enhancement was used to
calculate cortical blood flow.
taken prior to the arrival of contrast medium, from all other
images in the scan sequence and display, therefore, mainly
iodine concentrations.
A gamma variate curve was then fitted to the CT-number
versus time distribution by the method of least squares (Fig. 1).
A gamma variate function has been shown to describe an
indicator—dilution curve without recirculation [10] and is given
as
H(t) = K (t — T0)'' e_(t_T0'B + H0,
where H(t) is the CT number in (HU) at the time (t) after
injection, T0 is the bolus arrival time, K is a scaling factor, H0
is the basal CT number, and A and B are curve fit parameters.
The method used for flow calculations represents a first pass
indicator—dilution method recently described by Mullani and
Gould [11]. To better understand this method three successive
compartments were considered: artery, renal tissue and vein.
Since the incremental CT-number, H, is directly proportional to
the concentration of contrast medium, flow in these compart-
ments may be calculated as
(t,n rtn
I Ha(t)dt — I Hv(t)dt
Jo Jtd
if all measurements are taken at the time of the maximal CT
number in the tissue, tm. At this time, tissue concentration of
contrast medium can be measured most accurately. The symbol
H refers to the concentration of contrast medium measured in
terms of CT numbers (Hounsfield units), F represents flow and
the subscripts k, a, v refer to renal tissue, artery and vein,
respectively. Equation 2 resembles the Fick equation [11] and
may be used to calculate flow through any region, if the input
and output functions of that region are known. Equation 2 does
not include a calibration constant obviating the need for
time—consuming calibration procedures.
If input of contrast material to the tissue has been completed
prior to any outflow, the integral J H,(t)dt reduces to 0 and
flow may be calculated through equation 3.
F/Vk = Hk(tm) / I Ha(t)dt [11]. (3)/ Jo
Cortical flow was calculated through equation 2. Since the
(1) largest amount of contrast medium entering the kidney passes
through the cortex, but not through the medulla [5], the CT
number versus time curve of the renal vein pertains almost
exclusively to the cortex. Since transit times through the
medulla, especially through the inner zone, are considerably
longer than through the cortex [5], it was assumed that only a
negligible amount of contrast medium leaves the medulla during
the time of arterial contrast medium inflow. Medullary flow
was, therefore, assessed through equation 3.
Since equations 2 and 3 yield flow in terms of
ml. sec' . m1' tissue, flow rates had to be converted to
ml• min . ml by multiplication with 60 and to
(2) ml. min g by dividing this result with the specific weight
of renal tissue. This was assumed to be 1.04 g/cm3 [121.
Results
After a bolus injection of contrast medium, three renal
compartments with different contrast enhancement were dem-
onstrated by CT (Fig. 2). Gross and light microscopic exami-
nation demonstrated that the outer, strongly contrast—enhanced
zone consisted of cortex and portions of the outer stripe of the
outer medulla (Fig. 2). The second, intermediately enhanced
zone represented mostly inner stripe of the outer medulla. The
inner, late enhancing layer was the inner medulla (Fig. 2).
In the first six dogs, injections of contrast material were given
into the aortic root in order to avoid bolus dispersion in the
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pulmonary vasculature. Since intravenous injections gave sim-
ilar results, however, this less invasive type of indicator appli-
cation was preferred in the remaining 12 dogs.
The average flow rate through the renal cortex in 24 kidneys
of 18 dogs was 5.44 0.19 ml min' . g' (sEM). Correspond-
ing flow rates for the inner zone of the medulla were 0.62 0.04
ml min' g' (sEM). Flow in the outer medulla (Zone II)
could be calculated from measurements in only 20 kidneys and
averaged 2.27 0.14 ml . mint g (sEM).
Discussion
The problems involved in measuring regional renal blood flow
have been recently addressed [1, 61. Because of many unan-
swered methodological problems no technique presently avail-
able has been completely suitable for assessing regional flow
rates in the kidney. Recently, Knox, Ritman and Romero [9]
concluded, however, that modern radiographic techniques,
Fig. 2. Cross sectional anatomy of the canine kidney. A. Subtracted CT
image of both kidneys displaying the intrarenal distribution of contrast
medium at 8.58 seconds after initiating scanning sequence. Strongly
enhancing outer rim corresponds to cortex, Zone H with intermediate
enhancement to outer medulla and poorly enhanced innermost part to
inner medulla. Black and white spots in abdominal cavity originate from
bowel movement during scanning. B Anatomic transverse section of the
canine kidney demonstrating three different tissue layers. C. Schematic
representation of transverse section through canine kidney demonstrat-
ing cortex, outer and inner stripe of outer medulla, inner medulla and
renal hilus.
such as cine computed tomography, offer a promising new
approach to this problem.
Encouraged by earlier results obtained in a flow phantom and
in animals using slower CT scanners [13—15], this study was
designed to explore the potential utility of cine computed
tomography for measuring cortical and medullary blood flow.
We applied a modified indicator—dilution method employing
contrast medium as an indicator and a fast CT scanner as a
recording device.
Before discussing the results, certain potential pitfalls of CT
scanning should be addressed. The accuracy of CT number
measurements is directly related to image noise and image
artifacts. Image noise is predominantly random in nature and
accounts for the statistical variations of measured CT numbers.
Cine-CT measurements in a water phantom have shown that a
region of interest (ROl) containing 200 picture elements (pixels)
gives reproducible measurement of a mean CT number within
Hounsfield Units (HU). A variation of less than HU was
-.4.
r
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Table 1. Intrarenal distribution of blood flow
Flow
Animal Method
(m
C
l min
OM
g)
IM Author
Dog
Dog
Albuminaccumu-
lation
85-Kr
—
4.7
—
1.3
0.2-0.3 Lilienfeld, 1961[20]
— Thorburn, 1963[7]
Dog Indicator dilution — 1.1 0.3 Deetjen, 1964[21]
Dog Labeled RBC 4.5 1.9—3.8 0.4—1.2 Wolgast, 19681221
Dog 85-Kr 5.7 — — Stinson, 1969123]
Dog 86-Rb 5.4 2.5 1.2 Steiner, l970[24]
Dog Microspheres 5.3 — — Logan, 1971[25]
Dog Labeled RBC — 2.0 0.5—0.7 Wolgast, 1973[26]
Dog Microspheres 5.9 — — Passmore, l978[271
Rat 86-Rb 5.2 1.5—2.2 0.7 Karlberg, 19821281
Dog CT 5.4 2.3 0.6 present
Abbreviations are: C, cortex; OM, outer medulla; IM, inner medulla.
All measurements are given as mean value or range.
found for a 50 pixel ROl. ROIs of these sizes were typically
used for measurements in the cortex or medulla. Since peak CT
numbers of the cortex ranged between 100 to 200 HU, this type
of error affected the accuracy of cortical flow measurements
only to a minor degree. In the medulla, however, peak CT
numbers ranged between 12 to 25 HU, so that a larger error may
be possible in these flow calculations. Likewise, calculations of
curve areas can be affected by image noise, but with curve areas
that ranged typically between 1000 to 3500 HUsec in this study,
the error was estimated as HUsec, or less than 5%.
Image artifacts may also degrade CT images. The so—called
"beam hardening artifact" may introduce considerable error in
flow calculations, since it causes a nonlinear relationship be-
tween measured CT numbers and iodine concentration. This
artifact can, however, be nearly completely eliminated by
avoiding excessively—high iodine concentrations (>700 HU) as
was done in this study. Another image artifact is the
partial—volume phenomena which arises from a discrepancy
between the diameter of the imaged anatomical structure and
the tomographic slice thickness. Under these circumstances,
the picture may contain tissues of various compositions, and
the CT numbers of these picture elements may therefore
represent a weighted average of the attenuation characteristics
of each constituent. We minimized this problem by using thin
tomographic sections, by carefully selecting the appropriate
imaging plane and by appropriate placement of regions of
interest.
The hemodynamic side effects of contrast material are an-
other source of concern. Flow measurements performed during
arteriography in dogs demonstrated that contrast material itself
causes a rapid, initial increase of renal blood flow (RB F) in the
order of approximately 35%, followed by a prolonged period of
decreased flow [16, 17]. Peak increase of flow occurs typically
15 seconds after the onset of injection [16, 17] and relates to the
injected amount of contrast material [18]. Following an intra-
venous bolus of 2 mllkg Diatrizoate 76%, Katzberg et al [19]
observed a maximum increase of RBF of 19% at two minutes
and a maximum decrease of 9% occurring at 15 minutes. Since
contrast material was used at much lower concentrations than
during these experiments and CT measurements in the renal
cortex were usually completed in much less than 15 seconds in
this work, contrast medium induced alterations of flow might
not have been as pronounced as during studies reported previ-
ously. In addition, the described method employs plasma—
soluble contrast material as a blood pool marker. Intrarenal
changes of the hematocrit may therefore also affect the accu-
racy of tissue blood—flow measurements.
Despite these potential limitations, the results demonstrated
that CT scanning gave reasonable measurements of regional
renal blood flow (Table 1). Due to the excellent anatomical
information inherent in CT scans and due to the non-invasive
nature of this technique, flow measurements can be unequivo-
cally related to anatomical subcompartments of the kidney
without obtaining tissue specimen or arterial blood samples.
Cortical and medullary flow rates measured with various
other techniques are listed in Table 1, and generally good
agreement with CT-measurements is seen for cortical flow.
Flow rates measured in the outer medulla were higher than
those that have been reported using dye—dilution or Krypton
wash-out techniques, but similar to those using 86-Rubidium or
labeled red cells (Table 1). Inner medullary flow was also in the
approximate range as previously reported (Table 1). If the
methodological problems involved with the various techniques
previously used to measure renal blood flow are considered [1],
it seems appropriate to conclude that regional, renal flow rates
assessed by CT are in reasonable agreement with those mea-
sured by other techniques. In summary, regional, renal blood
flow may be assessed by CT scanning with acceptable accu-
racy. Application of this method for further investigation of
renal blood flow in animals as well as in patients is encouraged.
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